Given the adaptation of taro to fl ooded conditions (De la Pena and Plucknett, 1972) we predicted that taro would prefer NH 4 + as N-source. To our knowledge, there were no pre vi ous studies conducted on N form effects on taro. The objectives of these experiments were to determine the effects of different N levels and NO 3 -: NH 4 + ratios on growth and foliar nutrient concentration of taro seedlings grown in nutrient solution.
Given the adaptation of taro to fl ooded conditions (De la Pena and Plucknett, 1972) we predicted that taro would prefer NH 4 + as N-source. To our knowledge, there were no pre vi ous studies conducted on N form effects on taro. The objectives of these experiments were to determine the effects of different N levels and NO 3 -: NH 4 + ratios on growth and foliar nutrient concentration of taro seedlings grown in nutrient solution.
Materials and Methods
Two experiments were conducted in green hous es in the Univ. of Hawaii at Manoa (21°19´N, 157°58´W). In both experiments, propagating materials (0.5 cm of upper corm plus 30 cm of lower petiole) of taro cv. Bun long were grown for a week in a 1 perlite : 1 vermiculite medium (v/v) . Rooted taro propa gat ing materials were washed to remove adhered substrate from roots and then se lect ed for uniform size within replicates. One seed ling was placed per pot on a plastic rack located directly above 10 L of an aerated nutrient solution in polyethylene buckets fol low ing the procedure of Miyasaka et al. (1993) . During the fi rst week after trans plant ing, some plants that exhibited poor growth were re placed.
N level experiment. This experiment was carried out from 28 Jan. to 11 Mar. 1997 with six N levels (0, 0.25, 0.5, 1.0, 2.0, and 4.0 mM) as NH 4 NO 3 in the nutrient solution. The basal nutrient solution was a modifi ed Steinberg solution (Miyasaka et al., 1993) that had the following composition (mM): 0.2 P, 1.2 K, 1 Ca, 0.4 Mg, and 0.8 S. Micronutrients were sup plied in the following con cen tra tions (µM): 2 Mn, 6,B, 1 Zn, 0.5 Cu, 0.1 Mo, and 10 Fe. The nutri ent sources used were an a lyt i cal grade chemicals: Ca(NO 3 (Miyasaka et al., 1988) and NaOH.
N form experiment. This experiment was carried out from 28 Jan. to 11 Mar. 1999, and the treatments consisted of fi ve NO 3 -: NH 4 + ratios (100:0, 75:25, 50:50, 25:75, and 0:100) at a total N concentration of 3 mM. The basal nutrient solution had a pH of 6.4 with the following macronutrient composition (mM): 0.13 P, 0.43 K, 0.35 Ca, 0.29 Mg, 0.14 S, and 0.04 Na. Macronutrient levels were re duced from the fi rst trial to provide adequate cation levels but to minimize Cl con cen tra tions to below the 4.9 mM level that causes salinity stress in taro (Hill et al., 1998) . Mi cro n u tri ents were supplied in concentrations sim i lar to those used in the fi rst experiment. So lu tion pH was buffered with 0.25 mM MES as described for the fi rst experiment. Sampling and analysis. Solution pH was measured weekly throughout the course of both experiments. Nondestructive mea sure ments of chlorophyll were taken using a chlo ro phyll- Taro is a crop commonly cultivated in the tropics, especially in the Pacifi c basin, where the leaves are consumed as vegetable and corms as staple (De la Pena and Plucknett, 1972) . In highly weathered soils, one of the most important constraining production fac tors is nitrogen (N) defi ciency (Sanchez and Logan, 1992) . Dryland and wetland taro pos i tive ly responded to N fertilization (De La Pena and Plucknett, 1972; Manrique, 1994; Silva et al., 1990) . Plant growth, fo li ar N con cen tra tion, and yield increased as a result of N application with a maximum yield at N rates of 560 and 1120 kg·ha -1 for upland and lowland conditions, respectively.
In well-aerated, warm, nonacidic soils, NO 3 -is the predominant N form present in the soil solution due to the activity of nitrifying bacteria (Layzell, 1990) . Nitrate levels in soil solution typically range from 0.8 to 2.4 mM (Barber, 1995) , while NH 4 + is usually below 1.0 mM (Marschner, 1995) . In acidic or fl ood ed soils, in which the activity of nitrifying bac te ria is reduced, NH 4 + is the predominant N form present (Layzell, 1990) . Due to the re quire ment for charge balance when N is absorbed as NO 3 -, the rhizosphere is al ka lin ized, but when plants absorb NH 4 + , the rhizo sphere is acid i fi ed (Marschner and Romheld, 1983) . Such soil pH changes could affect mi cro bi olog i cal activity and pathogenic re la tion ships with soil microorganisms (Osuna et al., 1991) . The form of N supply plays a key role in the cation-anion relationships in plants, since both NH 4 + and NO 3 -represent ≈70% to 80% of the cat ions and anions absorbed by plants. At low N concentrations in nutrient solution the growth differences between plants supplied with NH 4 + or NO 3 -are small, how ev er, with increasing external N con cen tra tions, the ad van tage of NO 3 -as sole source of N increases for most plants .
The response to N form varies with plant species. For example, Scoggins and Mills (1998) recently found that the growth and nutritional status of poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch) grown in nutrient solution was favored by high NO 3 -concentrations, where as NH 4 + had deleterious effects. Similar results were obtained in Vinca sp. (Thomas and Latimer, 1995) , wheat (Triti cum aestivum) (Xu et al., 1992) , cucumber (Cucumus sativus) (Heuer, 1991) , and bell pepper (Capsicum annuum) (Marti and Mills, 1991) growth in nutrient solution. However, some plants prefer NH 4 + as the major source of N. For example, rice (Oryza sativa L.) (Magalhaes and Huber, 1991) and maize (Zea mays L.) (Anderson et al., 1991) . In general, the best results are obtained when there is a mix of both N forms in solution (Errebhi and Wilcox, 1990 ). meter (SPAD-502; Minolta, Tokyo) (MacKown and Sutton, 1998) at 28 and 42 d after transplanting. Plants were re moved from the nutrient solution 42 d after trans plant ing, washed in deionized water, and di vid ed into roots, corms, petioles, and leaf blades. Leaf lamina area was determined with a leaf area meter (LI-3100; LI-COR, Lin coln, Nebr.). All plant parts were subsequently dried in a forced air oven at 60 °C to constant weight, and then weighed. Leaves were passed through a 1-mm mesh and then ashed in a muffl e furnace and analyzed for Ca, Mg, K, P, Mn, Zn, Cu, Fe, and B using an inductively coupled plasma spec trom e ter (model 6500; Perkin-Elmer, Norwalk, Conn.) (Isaac and Johnson, 1998) . Total N was determined by a micro-Kjeldahl method (Nelson and Sommers, 1972) .
In each experiment, a completely ran domized design with three replicates was used. Data were subjected to analysis of variance, trends, and regression to identify signifi cant treatment effects (P ≤ 0.05) (Little and Hills, 1978; Neter et al., 1996) using SAS (SAS Institute, Cary, N.C.) program. In the second experiment, the molar ratio of NH 4 + , ex pressed as percentage (0-100), was used as the in de pen dent variable for the regression anal y sis.
Results

N level experiment.
At 0, 0.25, and 0.5 mM N, leaf blades appeared chlorotic due to N defi ciency. In creas ing solution N levels in creased and then signifi cantly decreased total plant dry (Table 1) . A quadratic model fi t the data well for total dry weight (TDW) (TDW = 7.99 + 7.29 Ns -1.65 Ns 2 ; r 2 = 0.64), where Ns is the con cen tra tion of N in solution. In creas ing solution N levels signifi cantly increased foliar N con cen tra tion (Table 1) .
There was a signifi cant quadratic re lation ship between leaf blade N concentration and total plant dry matter (Fig. 1) . The critical foliar N concentration corresponding to 95% of the maximum growth determined by this quadratic model was 40.4 g·kg -1 leaf tissue. Leaf blade Ca, Mg, and Mn concentrations were negatively affected by increasing so lu tion N levels (P ≤ 0.05) ( Table 1) . Foliar P, K, Na, Fe, Cu, Zn, and B concentrations were unaffected by N treatments. Total N, P, and K contents were signifi cantly (P ≤ 0.05) higher when N concentration in the solution in creased. Other nutrients exhibited a similar tendency but there were no signifi cant differences among treatments.
The initial solution pH was 6.0, but after 4 weeks of growth it dropped to ≈3.0 at 0.0 to 0.5 mM N, and to ≈2.5 at the 1.0 to 4.0 mM N levels. Solutions were changed and pH readjusted to 6.0 at 4 weeks. At harvesting, the solution pH was 3.4 in all N concentrations except in the zero-N level, which had a pH of 7.3.
Nitrogen form experiment. Plants grown in a solution rich in NO 3 -(100:0 and 75:25) had signifi cantly greater dry weights than those grown in a solution rich in NH 4 + (25: 75 and 0:100) (Fig. 2 ). There were signifi cant de creas es in the dry weight of roots (DWR) (P ≤ 0.0001), petioles (DWP) (P ≤ 0.0001), and leaf blades (DWL) (P ≤ 0.0001) with an in creas ing proportion of NH 4 + . Qua drat ic re gres sion models were signifi cant (P < 0.05) and their coeffi cients of de ter mi na tion (r 2 ) were above 0.80 (Fig. 2) . Corm dry weights were not signifi cantly affected by treatments (data not shown), possibly due to their high coeffi cient of variation (32.4%) or to the short duration of growth which ap par ent ly was not suffi cient for the formation of new corm material.
Increasing the proportion of NH 4 + signifi cantly decreased leaf area (P ≤ 0.001, Fig. 3 ). A quadratic model fi tted the data well (P ≤ 0.0001; r 2 = 0.84). The highest leaf area was obtained at NO 3 -: NH 4 + ratios of 75:25 or 100:0, with no signifi cant differences be tween these two treat ments. The treatment with 100 % NH 4 + had the lowest leaf area. At 28 d after transplanting, signifi cant differ enc es (P ≤ 0.05) in chlorophyll content were detected among treatments, with the low est value found at the 75:25 treatment and the highest value at the 0:100 treatment (NH 4 + -rich solution) ( Table 2 ). Since these results were opposite to those obtained for DWL, they suggest that the inhibition of leaf expansion was great er than the reduction in the content of chlorophyll; similar to the dilution effect re port ed for P defi ciency in some crops (Rao and Terry, 1989) . At harvest, there were no sig nifi cant differences among treatments with re spect to chlorophyll content (Table 2 ).
An increasing proportion of NH 4 + sig nificant ly increased leaf concentrations of N (P ≤ 0.05) and B (P ≤ 0.01) ( Table 2 ). Other nutri ent concentrations in leaf blades were not signifi cantly affected. The treatment with 100% NH 4 + (0:100) had a signifi cantly greater foliar N concentration compared to other treat ments.
The lowest N concentrations in leaf blades were obtained with NO 3 --rich treatments (75: 25 and 100:0); however, the total amount of N accumulated in leaf blades was signifi cantly greater in plants fertilized with NO 3 -(data not shown). A similar situation was observed with B (Table 2) , which indicated that growth was stunted to a greater degree relative to the uptake and translocation of N and B (reverse growth dilution effect, see Jarrell and Beverly, 1986) . The NO 3 --rich treatments (75:25 and 100:0) also resulted in higher total contents of all other nutrients in leaf blades compared to the NH 4 + -rich treatments (data not shown).
In this experiment, there was also a strong decline of the solution pH in the NH 4 + -rich treatments despite buffering and changes of nutrient solution. Solution pH values de creased to as low as 3.1 in the 100% NH 4 + solutions.
Discussion
Total plant dry matter and leaf area increased and then decreased with increasing NH 4 NO 3 levels in the fi rst experiment ( Table  1 ). The highest solution N level of 4 mM N had a negative effect on plant growth. Similar results were found by Miyasaka (1979) in which higher levels of NH 4 NO 3 depressed yield and biomass of taro cv. Lehua Maoli grown for 6 months in solution culture.
Such an inhibitory effect of increased NH 4 NO 3 levels seems to be associated with a reduction in the foliar concentration of certain cations, particularly Ca, Mg, and Mn (Table  1) . Possibly, uptake of NH 4 + interfered with the absorption and translocation of cations (Bernardo et al., 1984; Hamlin et al., 1999; Traore and Maranville, 1999) . The critical foliar concentration of Ca in 49 day-old taro cv. Lehua Maoli was 4.0 g·kg -1 (Miyasaka, 1979) . The critical concentration of Mg in 33 day-old taro cv. Bun Long was 1.4 g·kg -1 (Austin et al., 1994) . The critical foliar con cen tra tion of Mn in taro cultivars Niue and Alafua Sun rise was 21 mg·kg -1 (OʼSullivan et al., 1995) . Based on these critical foliar con cen tra tions, the tissue levels of Ca, Mg, and Mn were adequate but they had a tendency to decrease with the in creas es in solution NH 4 + con cen tra tion. The foliar concentrations of other cations also appear to be above the critical con cen tra tions (Ares et al., 1996; OʼSullivan et al., 1995) .
Based on a quadratic model, the critical foliar N concentration that corresponded to 95% of maximum growth was 40.4 g·kg -1 (dry weight basis). Our results are consistent with the leaf N critical level of 37 g·kg -1 proposed by OʼSullivan et al. (1995) for the second young est fully matured leaf of cultivars Niue and Alafua Sunrise. Also, Silva et al. (1990) pro posed an adequate range of 42-46 g·kg -1 . In the N form experiment, the best growth and leaf nutrient accumulation was observed when taro plants were grown in a solution with NO 3 -as the predominant N form. The best treatments were solutions containing either a proportion of 75% NO 3 -and 25% NH 4 + or 100% NO 3 -. Plants are able to store NO 3 -in root cell vacuoles without detrimental effects and without the immediate necessity of me tab o lism in the roots (Layzell, 1990) . In con trast, NH 4 + is quite toxic even at low con cen tra tions and must be incorporated into organic compounds in roots, requiring an abundance of carbon skeletons (Layzell, 1990; Marschner, 1995) . In our experiment, root growth was inhibited when taro plants were supplied with the NH 4 + -rich solutions (Fig. 2) .
In NH 4 + -fertilized plants, the pH in the cytoplasm decreases during NH 4 + assimilation and must be stabilized by enhanced proton excretion or decarboxylation of organic acids for charge balance (Davies, 1986) . In our experiments, high levels of NH 4 + supply (as in the 25:75 and 0:100 treatments) resulted in drastic decline of pH even in a buffered so lu tion. This decrease in solution pH could have a deleterious effect on root membranes and nutrient uptake (Logan et al., 1999) . At low external pH, net excretion of protons is im paired and cytosolic pH may also fall . Gerendas et al. (1997) suggest that NH 4 + toxicity may disappear if low pH is prevented. The pH changes observed in the solution culture may not happen in clay soils used for fl ooded crops because the pH buffer capacity that exhibit these soils (Brady and Weil, 2002) .
In contrast, NO 3 -assimilation has been correlated with an about equimolar pro duc tion of OH -or consumption of H + (Raven, 1986) , and as a consequence, the pH in the external so lu tion was less affected. When both NH 4 + and NO 3 -are supplied, the regulation of the pH may be achieved by similar rates of H + pro duc tion (NH 4 + assimilation) and H + con sump tion (NO 3 -assimilation), again resulting in little change in external solution pH (Findenegg et al., 1982; Gerandas et al., 1990) . This assimilatory process may explain, at least in part, the The arrow indicates leaf blade N con cen tra tion at 100% of maximum plant dry weight. reason why optimal growth and high nutrient accumulation for taro was ob tained either with 100% NO 3 -or with a mixed supply of both N forms (75:25 treatment).
The retarded plant growth observed at high NH 4 + levels in solution may be due, at least in part, to the antagonism between NH 4 + and cation absorption and translocation (Bernardo et al., 1984; Hamlin et al., 1999) . Although signifi cant decreases in foliar con cen tra tions of cations in trial 2 were not found as the proportion of NH 4 + increased (Table 2) , sig nifi cant decreases in Ca, Mg, and Mn con cen tra tions in leaf blades were found as NH 4 NO 3 levels increased in the ex per i ment 1 (Table 1) .
Taro is a plant species well adapted to fl ooded conditions (De la Pena and Plucknett, 1972; Miyasaka et al., 1993) , in which NH 4 + is the predominant N form (Layzell, 1990) . Con se quent ly, we expected a higher pref er ence of taro for this N form, however, under our exper i men tal conditions, taro preferred NO 3 -. Ammonium concentration in soil solution rarely exceeds 1 mM (Marschner, 1995) . At low total N concentrations in the external solution, the growth differences between NH 4 + and NO 3 -are small, but with increasing ex ter nal concentrations the advantage of NO 3 -as sole source of N increases ). In the N form ex per i ment, taro plants grown in the NH 4 + rich so lu tions (50: 50, 25:75, and 0:100) were exposed to very high concentrations of NH 4 + (1.5, 2.25 and 3 mM, respectively), which appeared to be toxic to taro. Similarly, in the N level ex per i ment, the NH 4 : NO 3 ratio was 50:50, resulting in an NH 4 + level of 2.0 mM at the highest N level. It is likely that reduced plant growth observed at the highest total N level was due to toxic NH 4 + effect. It is necessary to examine: 1) the effects of N form on taro growth at a lower total solution N level; and 2) the in ter ac tion between solution pH and NH 4 + toxicity ef fects. 
Conclusions
Total plant dry weight and leaf area of 'Bun longʼ taro increased with increasing solution N levels up to 2 mM and then decreased at 4 mM. At a total solution N level of 3 mM, taro plants grew best when NO 3 -was the pre dom i nant N form in nutrient solution (e.g. at NO 3 -: NH 4 + ratio of 75:25 or 100:0). The decrease in plant growth at the highest N level was at trib ut ed to a toxic level of NH 4 + that in ter fered with cation absorption and trans loca tion. In addition, the decrease in pH to 3.1 in NH 4 + -rich solutions could be a con trib ut ing factor to NH 4 + -tox ic i ty.
